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Spin-exchange relaxation free alkali-metal magnetometers typically operate in the regime of high 
optical density, presenting challenges for simple and efficient optical pumping and detection. We 
describe a high-sensitivity Rb magnetometer using a single elliptically-polarized off-resonant laser 
beam. Circular component of the light creates relatively uniform spin polarization while the linear 
component is used to measure optical rotation generated by the atoms. Modulation of the atomic 
spin direction with an oscillating magnetic field shifts the detected signal to high frequencies. Using 
a fiber-coupled DFB laser we achieve magnetic field sensitivity of 7 fT/v'Hz with a miniature 5x5x5 
mm Rb vapor cell. 
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I. INTRODUCTION 



Alkali-metal magnetometers have recently achieved 
magnetic field sensitivity on the order of 1 fT/\/Hz, 
previously possible only with superconducting quantum 
interference devices (SQUID) operating in liquid he- 
lium 1]. High sensitivity is obtained by operating at 
a high alkali-metal density of 10^^ — 10^^ cm^'^ in a spin- 
exchange relaxation free (SERF) regime. In this regime 
the rate of alkali-metal spin-exchange collisions is much 
greater than the Zeeman precession frequency, result- 
ing in the reduction of the spin-exchange relaxation of 
the Zeeman coherences 2j. Magnetic field sensitivity in 
the femto-tesla range opens a number of new applica- 
tions previously accessible only for SQUID magnetome- 
ters 0, 01 ■ Of particular interest is detection of biolog- 
ical magnetic fields from the heart or the brain Q, 
presently the biggest area of SQUID use. In this ap- 
plication tens to hundreds of SQUID sensors are placed 
around the subject to create a spatial map of the mag- 
netic field. Detection and mapping of brain magnetic 
fields has been demonstrated with a SERF magnetome- 
ter using a large vapor cell and a multi-channel pho- 
todetector Q. However the flexibility of magnetic field 
mapping would be greatly improved if one could instead 
use a collection of simple, compact and self-contained 
atomic magnetometers while still maintaining high mag- 
netic field sensitivity. 

Here we describe such compact, fiber-coupled atomic 
magnetometer. Our approach combines several novel fea- 
tures necessary for achieving high magnetic field sensitiv- 
ity in a small detection volume. It operates in the regime 
of high optical depth of several hundred on resonance, 
which presents challenges for efficient optical pumping 
and detection. In the conventional configuration 8], a 
circularly polarized pump beam is tuned to the center of 
the Dl resonance to polarize the atoms and a linearly- 
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polarized probe beam is tuned off-resonance to measure 
their optical rotation. The pump beam can propagate 
through the optically-thick vapor only by pumping most 
of the atoms into the dark stretched state. However, this 
reduces the sensitivity of the magnetometer, since it is 
maximized for a spin polarization of 50%. By detuning 
the pump laser off-resonance so that the optical depth is 
less than one it is possible to maintain the polarization of 
the alkali-metal vapor closer to the optimum value. For 
a pressure-broadened optical resonance the efficiency of 
optical pumping is not reduced when the laser is detuned 
away from the resonance. 

Detection of spin polarization is still performed using 
polarization rotation of the light, which is generally the 
most efficient "non-demolition" technique of spin inter- 
rogation. It is also largely immune from laser intensity 
noise. The simplest method of light polarimetry involves 
a polarizing beam-splitter cube at 45° to the initial polar- 
ization and two balanced photodetectors. However, low- 
frequency sensitivity of this technique is usually degraded 
due to motion of the laser beam. Better performance at 
low frequency can be achieved if the polarization of the 
light is modulated, using, for example, a separate Fara- 
day modulator However, this would not be practical 
in a compact, self-contained magnetometer. Therefore 
we use alkali-metal atoms themselves to modulate the 
polarization of the light. The direction of the atomic 
spin polarization is modulated by a large angle using an 
oscillating magnetic field, which in turn creates a large 
modulation of the light polarization. The signal propor- 
tional to the DC magnetic field is measured at the mod- 
ulation frequency. We discuss the requirements for the 
choice of the modulation frequency so the vapor remains 
in the SERF regime. For sufficiently high alkali-metal 
density, the modulation frequency of several kHz can be 
used without significant loss in sensitivity, largely elimi- 
nating low-frequency noise associated with beam motion. 

To reduce the overall complexity of the magnetome- 
ter we use a single elliptically polarized laser beam for 
both pumping and probing. This reduces the efficiency 
of optical pumping by \/2 and also reduces the optical 
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rotation signal by \pl. The light from a DFB laser is 
send to the sensor through a multi-mode optical fiber. 
Photodetectors are incorporated into the magnetometer. 
OfF-resonant partially circularly polarized light causes a 
significant light shift and we discuss methods to miti- 
gate its effects. We demonstrate magnetic field sensitiv- 
ity of 7 fT/ VHz, limited by Johnson noise in the magnetic 
shields. The measurements are performed in a vapor cell 
with dimensions of 5 x 5 x 5 mm. This roughly represents 
an optimal magnetometer size for non-invasive measure- 
ments on human subjects since magnetic field sources of 
interest are typically submerged several centimeters be- 
low the skin. 

Earlier work on simplifying the operation of SERF 
magnetometers usiiig spin modulation has been pre- 
sented in . In a magnetic field modulation tech- 
nique was used to shift the measured signal to higher 
frequencies. However, the relationship between the mod- 
ulation frequency and the requirement for operation in 
the SERF regime was not discussed and separate pump 
and probe beams were used. In [loj a single circularly po- 
larized laser beam tuned to resonance was used for both 
pumping and probing the vapor. The optical density of 
the alkali-metal vapor was restricted to be on the order 
of unity to avoid excessive absorption of the laser beam. 
The noise in the detection of the optical transmission 
was dominated by laser intensity noise. The magnetic 
field sensitivity demonstrated here is about an order of 
magnitude greater than in either of these earlier papers. 

In Section II we discuss the theory of atomic magne- 
tometery using elliptically polarized light and magnetic 
field modulation in the SERF regime. In Section III we 
describe the experimental implementation of the magne- 
tometer, present comparison with theory and measure- 
ments of the magnetic field sensitivity. 



II. THEORY 

We consider propagation of the light in an optical sys- 
tem shown in Figure [1] representing the experimental 
arrangement used in this work. The light from a multi- 
mode fiber passes through a plate linear polarizer and a 
quarter-waveplate with its optic axis oriented at an an- 
gle d relative to the linear polarizer. The propagation 
of the light through the Rb atomic vapor is conveniently 
analyzed in the circular polarization basis: 
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where R ~ (x — iy)/\/2 and L — {x + iy)/^/2 are 
the right and left circular basis vectors and v is the 
laser frequency. After the combination of linear polar- 
izer and quarter- wave plate, A — (cos 6* -I- sind) j \f2 and 
B = (cos Q — sin ff) / \f2 . In the atomic vapor the two cir- 
cular components of the light experience different indices 
of refraction = ^-nvn^jc and fc; = l-Kvriijc^ which 
have both real and imaginary components to account 
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FIG. 1: (a) Assembled magnetometer sensor (side view), (b) 
A schematic of magnetometer arrangement (top view), a is 
a fiber holder and a collimator, b is a linear polarizer, c is 
a quarter waveplate, d is a focusing lens and a half wave 
plate combination, e is polarizing beam splitter and f is a 
prism. The angle between the polarizer axis and the fast axis 
of the quarter wave is equal to 7r/8 and the angle between the 
polarizer axis and the half wave plate axis is equal to 7r/4. 



for light retardation and absorption, Ur = n\. + in\ and 
n( = n[ -I- in\. Polarization of the light after the vapor 
cell is analyzed using a polarizing beamsplitter oriented 
at an angle a relative to the optic axis of the waveplate 
and measured with a pair of photodetectors. The sum S 
and difference T) of the photodetector signals is given by: 
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where d — 21^1 / c and I is the length of the cell. 

We consider here optical pumping on the Dl line in 
an alkali metal vapor in the presence of high buffer gas 
pressure. Therefore, the absorption profile is given by a 
pressure-broadened Lorentzian and the interaction (both 
absorption and dispersion) between atoms and photons 
is proportional to (I — s • P) where s is the photon spin 
s = iE X 'E*/En and P = {S)/S is the electron spin 
polarization [ll|, ■ Hence the indices of refraction are 
given by 

(4) 
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Tlr = 1 + k{1 + Pz)L{iy)/v 
ni = 1 + k{1- P,)L{i^)/iy 



where L{h') — l/{v() — v — i/S.v/2) is a complex Lorentzian 
profile with a FWHM /S.v centered at vq. Here k = 
nr^c^ f /Att, where n is the alkali-metal density, r,, is the 
classical electron radius and / ~ 1/3 is the oscillator 
strength for the Dl transition. For a — tt/A we get for 
the photodiode difference signal T) 
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where the absorption cross-section <j = cre/Ini[L(i/)] and 
the optical rotation angle cj) = crf.fnlPzKe[L{i')]. The 
laser frequency v is detuned ofF-resonance to generate a 
finite optical rotation angle cj) proportional to the spin po- 
larization Pz- With large detuning we also have anl < 1 
to avoid significant light absorption in an optically-dense 
alkali-metal vapor. Note that in the presence of spin po- 
larization Pz the light will become more circularly polar- 
ized after propagating through the vapor, but this affects 
only the sum of the intensities S, not their difference T). 

To calculate the spin polarization of the alkali-metal 
atoms we use Bloch equations that are valid in the SERF 
regime where the density matrix assumes a spin temper- 
ature distribution [l^, [ill 
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where D is the diffusion constant, B is the external mag- 
netic field, 7 = 27r5sAiB/fi = 27rx 2.8 x fO^" Hz/T is 
the electron gyromagnetic ratio and Q{P) is the nuclear 
slowing down factor that depends on the spin polariza- 
tion Q{P) = 6 for ^^Rb in the low polarization limit. 
T2 is the transverse spin relaxation time in the absence 
of the light, dominated by spin-destruction coUisons with 
alkali-metal and buffer gas atoms. One can also approxi- 
mately take into account the effects of spin relaxation on 
cell walls by additing the decay rate of the fundamental 
diffusion mode. R is the optical pumping rate for an un- 
polarized atom, R = (t$, where <f> = cE^ / {STrhv) is the 
photon flux. The photon spin s = —sm26z, ignoring 
changes in the polarization of the light due to propaga- 
tion in the atomic vapor. First consider a steady-state 
solution to Eq. ([7]) for the case when By and are 
equal to zero. We get for Pz 



P. = 
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j^B^T^ + V 
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which is a zero-field Lorcnztian resonance as a function 
of Bx with a half width at half maximum (HWHM) 
ABx — I/'JT, where t = {R + 1/T2)~^ is the atomic 
spin coherence time. If the optical rotation angle </> is 
small, then the height of the resonance measured in the 
photodiode difference signal V changes with the wave- 
plate angle 9 as |sin40|. The experimentally measured 
resonance amplitude in the limit of low pumping rate 
and small spin polarization is shown in Fig. [2] as a func- 
tion of 9, confirming this behavior. The waveplate angle 
9 = Tr/8 gives an optimal combination of optical pump- 
ing and probing with a single beam, reducing each by 
a factor of \/2. It is also possible to achieve conditions 
when (p > 7r/2, which results in a more complicated sig- 
nal shape. The central feature of that shape near B^ = 
becomes narrower, increasing magnetometer sensitivity. 

One negative effect of optical pumping using off- 
resonant elliptically-polarized light is that it generates 
significant light-shift 15]. The light-shift can be viewed 
as a fictitious magnetic field along the direction of light 
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FIG. 2: (Dots) Experimental data showing amplitude of the 
zero field resonance as a function of the angle between the po- 
larizer and the quarter- waveplate 6. The measurements were 
made using low light intensities such that the rotation angle 
4> « 7r/4. (Dash) Numerical fit to the data using a func- 
tional form of |sm(45)| expected for the resonance amplitude 
in the low-polarization limit. 



propagation whose magnitude is given by [llj 
Bls = scre/$Re[L(t/)]/7z 



(9) 



It can be seen by finding a steady-state solution to Eq. 
([7]) with a non-zero Bz that the light shift will produce a 
broadening of the magnetic field resonance as a function 
of Bx- The light shift can be compensated by applying 
an equal and opposite real magnetic field in the z direc- 
tion. However, in practice spatial inhomogeneity of light 
intensity due to transverse laser beam profile and absorb- 
tion in the cell produce gradients of Bls that are difficult 
to compensate externally and result in residual broaden- 
ing of the magnetic resonance. To reduce the effects of 
light-shift inhomogeneity we expanded the Gaussian laser 
beam to a size larger than the cell and used only the rel- 
atively uniform central part of it. In Figure [3] we show 
the average value of the light-shift as a function 9, mea- 
sured by finding a value of external Bz field that gives the 
narrowest resonance. The behavior of the light-shift as 
a function of 9 is consistent the expected sin(26') depen- 
dance of the photon spin. It is possible to eliminate the 
effects of the light shift by periodically switching the fre- 
quency of the laser light to either side of the resonance on 
a time scale faster than the atomic spin coherence time. 
This would also introduce a high-frequency modulation 
into the measured rotation signal. 

To use the zero field magnetic resonance for sensi- 
tive measurement of B^ field we need to generate a 
dispersion signal with a steep slope centered around 
Bx — [H, Il3- We use a magnetic field modulation 
S*"* = Bx + Bmod cos Lot which also shifts detected signal 
to a higher frequency lu without the need for an external 
Faraday modulator or similar techniques. To determine 
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FIG. 3: (Dots) Experimentally observed light shift as a func- 
tion 6 under typical operating conditions. The light-shift was 
measured by monitoring the strength of magnetic field in the 
z-direction required to minimize the zero-field resonance line- 
width. (Dash) A fit to the experimental data using the func- 
tional form of the photon spin s = sm{29). The absolute value 
of the light-shift is consistent with Eq. (|9]) within a factor of 
two, due to uncertainty in the incident light intensity. 



I/T2 -I- (1/T'l'^)) ^ . The condition for maximum modula- 
tion frequency that can be used without loss of sensitivity 
is set by (l/TI'^) < R + 1/ ^2. This gives a modulation 
frequency uj ~ -y/ Rse/5T2, which is much larger than 
I/T2 in the SERF regime. For a given modulation fre- 
quency one can find the optimal modulation amplitude 
from Eq. pop taking into account changes in r due to 
spin-exchange relaxation. 

We find that for our experimental conditions the op- 
tical rotation angle (x is often larger than 7r/2. In 
that case the photodetector difference signal V oc sin (j) is 
not a monotonic function of P^. The modulation index 
m can be adjusted to maximize the first harmonic signal 
in v. The slope of the dispersion signal as a function of 
Bz is maximized at a smaller value of m and continues 
to increase with atomic path length nl. We find that 
in our experimental conditions the optimal value of the 
modulation index m is 0.5 to 0.8. 



III. EXPERIMENTAL SETUP AND RESULTS 



the optimal modulation parameters we consider the case 
when oj ^ {R+ I/T2), going beyond steady state solu- 
tion of Eq. ([7|). The solution of the Bloch equations in 
this regime has been obtained in [l^. In particular, the 
component of Pz at the modulation frequency uj is given 
by 

(10) 

where Jq and Ji are Bessel functions of the first kind. 
This gives a dispersion signal as a function of Bx with 
a maximum slope obtained when the modulation index 
m = jB^od/Q{P)u} = 1.08 and R = I/T2 = 1/2t. 

It is generally advantageous to increase the modulation 
frequency while simulatanouesly increasing the modula- 
tion amplitude i^mod to move detected signal frequency 
further from technical noise sources at lower frequencies. 
However when -Bmod is sufficiently large, relaxation due 
to spin-exchange collisions begins to increase. In the 
regime when the spin-exchange rate Rse ^ 7^x°* ^^'^ the 
spin polarization is relatively low, the additional trans- 
verse spin relaxation due to spin exchange collisions is 
given by [3 

1 ^ItW)! 

Ti'^(Bx) 18 Rse 

for an alkali metal with / = 3/2, such as ^^Rb. Since 
the frequency of B^ modulation is much larger than the 
relaxation rate, we can calculate the average relaxation 
rate over one modulation cycle 

/^\^^ r^^—dt^^f^ (12) 

\r|V 2^70 Ti-{Bx) 36 Rse ^ ' 

assuming that Bx is much smaller than -Bmod- In Eq. 
the spin coherence time r then becomes t = {R + 



A schematic of the experimental setup is shown in Fig- 
ure[ljb). The light from a 795 nm DFB laser tuned close 
to ^''Rb Dl transition was coupled into a multimode op- 
tical fiber and was delivered to the magnetometer setup. 
At the entrance of the magnetometer package, a plano- 
convex lens was used to coUimate the light after which a 
sheet linear polarizer was used to define the polarization 
axis of the incoming light. Elliptically-polarized light was 
created using cither a A/4 waveplate oriented at = 7r/8 
or a A/8 waveplate oriented at = 7r/4 relative to the lin- 
ear polarizer. The beam passed through a cubical atomic 
vapor cell containing enriched *^Rb and approximately 
300 Torr Helium and 100 Torr N2 buffer gases. The in- 
ner volume of the vapor cell was 0.09 cm'^, it was housed 
in a boron-nitride oven that was electrically heated using 
a high resistance titanium wire. The operating temper- 
ature of the cell was approximately 200° C. The boron- 
nitride oven was enclosed in a low thermal conductivity 
ceramic to reduce heat loss due to convection. To pre- 
vent magnetic fields generated by the electrical heaters 
from interfering with magnetic field measurements, the 
heater current was chopped on and off with a duty cycle 
of 50% at a frequency of 0.02-0.2 Hz. The measurements 
were made while the heating current was off. In other 
experiments we have successfully used AC currents at 20- 
100 KHz to heat the cell continuously without affecting 
magnetic field measurements [l^. The light transmitted 
through the vapor cell passed through a half-wave plate 
and was analyzed using a polarizing beam splitter and 
a pair of silicon photodiodes. The half-wave plate was 
rotated to balance the intensity in the two detectors in 
the absence of optical rotation from atoms. 

Figure[4]shows a narrow zero-field SERF resonance sig- 
nal obtained by monitoring photodiode difference signal 
as a function of B^; field. Note that the rotation signal 
"turns over" because it exceeds 7r/4. By field and the sum 
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FIG. 4: (a) A typical zero field resonance seen as a func- 
tion of transverse magnetic field B^, when By and effective Bz 
magnetic fields are zeroed. The resonance has multiple peaks 
due to optical rotation angles greater than 7r/4. We estimate 
roughly 40 percent contribution to the line- width comes from 
residual light-shifts, (b) Lock-in amplifier dispersion signal. 
A 2 kHz sinusoidal magnetic modulation of 200 nTpeafc am- 
plitude was applied to to generate the signal. 
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FIG. 6: (a) (Solid-line) Spectral density of the magnetic field 
noise. The 3-dB bandwidth of the magnetometer was 150 Hz. 
(Dashed-line) Polarimetry technical noise observed by switch- 
ing of the modulation field used for lockin detection. (Thick 
dashed-line) Calculated photon shot noise-limited sensitivity 
of the magnetometer. 
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FIG. 5: (Dots) Normalized lock-in amplifier signal slope 
around Ba; = as a function of the modulation amplitude for 
a fixed ratio of modulation amplitude to frequency equal to 
0.17 nT/Hz which corresponds to modulation index m — 0.8 
(Dash) Predictions for the slope based on Eq. (fTO)) . 



of and B^s were zeroed by minimizing the linewidth of 
the resonance. The average light intensity at the entrance 
of the cell was about 40 mW/cm^ and the Rubidium den- 
sity was 8x 10^'*/cm'^. The laser was detuned from the 
resonance by about 45 GHz where the optical density anl 
was close to unity while the optical depth on resonance 
was 200. The relaxation rate I/T2 due to a sum of Rb-Rb 
spin destruction, Rb-buffer gas spin-destruction and wall 
collisions was I/T2 = 1200 sec~^, and the optical pump- 
ing rate R — 880 sec^^. The average light-shift expressed 
in terms of a fictitious magnetic field B^g was about 35 
nT. 

To operate as a magnetometer, the zero- field resonance 
was converted to a steep dispersive line shape centered 
around = using additional modulation of field. 



The output of a lock-in amplifier with a phase of 90 deg. 
relative to the modulation is shown in the inset of Fig. H) 
The shape of the signal is more complicated than a sim- 
ple dispersion curve due to large optical rotations. The 
modulation index is adjusted to maximize the slope of 
the dispersion curve near B^ = 0. In Fig. [5] we show 
the slope at the zero crossing as a function of the fre- 
quency and amplitude of the modulation field with the 
modulation index m = ^Bnwd/Q{P)to = 0.8 held fixed. 
The slope does not change substantially for modulation 
frequencies up to 2 kHz, about 10 times larger than the 
bandwidth of the magnetometer, in agreement with pre- 
dictions. 

In Figure [6] we show the noise spectrum of the magne- 
tometer when operated in the neighborhood of B^; = 
with a modulation frequency of 2 kHz. Except for spikes 
at discrete frequencies the spectrum of the magnetic field 
noise is limited by Johnson noise in magnetic shields [20| . 
Polarimetry noise in the absence of atoms can be tested 
by turning off magnetic field modulation. It is slightly 
lower but still above photon shot noise. Increasing the 
modulation frequency to 5 kHz reduces polarimetry noise 
but also broadens magnetic resonance due to turn-on of 
the spin-exchange relaxation. Operating at even higher 
Rb density would avoid this problem. 



IV. CONCLUSION 

In conclusion, we have theoretically and experimen- 
tally examined a simple scheme for implementing SERF 
magnetometer using a single off-resonant elliptically po- 
larized light beam. This scheme combines both simplicity 
and high performance to achieve femtotesla level sensi- 
tivity using a miniature vapor cell with an inner volume 
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of 0.09 cm^. The complete magnetometer package con- 
sisting of optics, heated vapor cell and a pair of pho- 
todetectors occupied 40 cm'^ that we believe can be fur- 
ther reduced by over an order of magnitude in a rela- 
tively straight forward way. A compact sealed package 
would also likely improve low- frequency noise of the mag- 
netometer. The laser light used here was coupled into 
the magnetometer using a multi-mode optical fiber which 
demonstrates the ability to operate an array of indepen- 
dent SERF sensors using a single high power laser. Mag- 



netic field modulation can either be applied by a com- 
mon large coil to all sensors or individually to each 
cell using small coils designed to produce a zero dipole 
and quadrupole magnetic moments at large distances. 
The sensitivity and size of the magnetometer makes it 
ideally suited for magnetoencephalography 5] and other 
multi-channel applications that can operate near zero to- 
tal magnetic field. 

This work was supported by an ONR MURI award. 
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